Transglutaminases(TGases; R-glutaminyl-peptide:amine y-glutamyltransferase, EC 2.3.2.13) have recently been implicated as the enzymes that conjugate putrescine and possibly spermidine and spermine to glutamine residues of proteins (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) . In regenerating rat liver, the most striking change occurred in putrescine-protein conjugates, which fluctuated in a biphasic manner with maximal nuclear levels 12-and 25-fold above those of sham-operated controls at 4 and 42 hr after hepatectomy, respectively (5) . Conjugated spermidine and spermine increased 3-and 2-fold, respectively, within 4 hr and remained high throughout the 48-hr study. An increase in the specific activity of nuclear TGase paralleled the increase of putrescineprotein conjugate(s).
Recent evidence suggests that the putrescine-protein conjugate may be putrescine attached to glutamine residues of ornithine decarboxylase (ODCase; L-ornithine carboxy-lyase, EC 4.1.1.17), the rate-limiting enzyme in polyamine biosynthesis and also the enzyme responsible for the formation ofputrescine (7, 8) . Purified ODCase serves as an acceptor protein for putrescine in the presence of TGase purified from guinea pig liver (7) and, in regenerating rat liver, [14C]putrescine was selectively conjugated to one detectable protein, ODCase (8) . The enzyme that appeared to be responsible for the conjugation was TGase because y-glutamyl[14C]putrescine was obtained after proteolytic digestion (8) . In vitro, the transamidation of putrescine to ODCase resulted in a stoichiometric decrease in enzymatic activity (8) , and in regenerating rat liver the modified protein was detected in nucleolar fractions (4, 6, 8) . In this laboratory we are attempting to clarify the process by which the modification of ODCase by its product putrescine may modify the nucleolar transcriptional processes.
Because ofthe many reports that analogs ofvitamin A inhibit ODCase expression in growth-stimulated systems (12) (13) (14) (15) (16) (17) (18) (19) (20) , we wondered whether retinoids were altering the conjugation rate of ODCase through effects on TGases. In Chinese hamster ovary (CHO) cells, the most effective retinoid has been shown to be retinol (14, 15, 18) , whereas many cells are more sensitive to retinoic acid (17, 21, 22) . We have found previously that there are two G1 peaks of TGase activity in CHO cells released from quiescence (23) . In melanoma cells stimulated to differentiate by the addition of a-melanocyte-stimulating hormone (MSH, melanotropin), peaks of TGase activity occur at 1 and 5 hr after the addition ofthe differentiating agent (9) . The addition ofretinol to CHO cells resulted in a significant increase of TGase within 1 hr at a time when TGase activity was actually decreasing in control cultures. TGase activity remained elevated through 3 hr and then declined in a manner similar to control cultures. Further, retinol administration actually resulted in a significant decrease in the second peak of TGase at 5 hr. Addition of a-difluoromethylornithine (CHF2-Orn), an irreversible inhibitor of ODCase, or retinol plus CHF2-Orn, also resulted in an early and broader peak of TGase activity. In melanoma cells during logarithmic growth, the addition of trans-retinoic acid alone resulted in a biphasic increase in TGase activity with peaks at 2 and 5 hr after addition. The addition of MSH alone increased TGase at 1 and 5 hr, whereas the addition of trans-retinoic acid plus MSH resulted in a markedly stimulated TGase activity, at 1 and 2 hr compared to MSH alone or retinoic acid alone. Therefore, in both-cell lines, retinoids at--tenuated the induction of ODCase that occurred immediately after the first peak of TGase activity.
MATERIALS AND METHODS
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all-trans-retinoic acid were purchased from Sigma. These retinoids were subjected to gas chromatographic analysis before their use to ascertain their purity. The (26) . In cultures released from quiescence, synchrony was routinely 60-65%, as assayed by flow microfluorometric measurements of cellular DNA content (15) . Retinol solutions were prepared in dioxane under red light and used immediately. Control cell populations received an equivalent amount ofdioxane (0.5%), which was found to have no effect on growth parameters, as described (15 initiated by addition of a 10,000 x g supernate of a lysate of 106 cells. Over 90% of TGase was in the cytosolic fraction in the CHO cells, and the amount in the particulate fraction did not alter as cells progressed through the cell cycle. In melanoma cells, supernatant TGase activity was always higher than the total homogenate, suggesting the presence of an inhibitor in the particulate fraction. Therefore, this paper reports the cytosolic fluctuations of the enzyme in response to MSH. The reaction mixture was incubated for 20 min at 37C. A 50-pu aliquot was then spotted on silica gel-impregnated glass fiber strips (ITLC) and chromatographed in 5% trichloroacetic acid/0.2 M KCI as described (5) . Each time point represents duplicate determinations of four separate cell lysates. Radioactivity of the trichloroacetic acid precipitate was assessed by scintillation counting in 6 ml oftoluene/Omnifluor. Activity was linear for 60 min with respect to enzyme and substrate concentrations. In this chromatographic system, the reaction product [3H]putrescine covalently conjugated to protein remains at the origin while free [3H]putrescine moves with the solvent front. Analysis of 1-cm segments of chromatographed ITLC strips showed that, in the presence or absence of added protein, more than 99.8% of the free diamine moved away from the origin to the upper 2 cm of the strip. Recovery of radiolabeled protein at the origin was slightly better than that achieved with the filter paper procedure (27) . Background radioactivity was determined in assay mixtures that did not contain the cell lysate. This was always 200-300 cpm and was subtracted from the assays.
ODCase Assay. ODCase activity was determined by measuring the liberation of 14Co2 from L-[1-14C]ornithine as previously described with minor modifications (28) . At the times indicated, cells were collected by scraping with a rubber policeman and sonicated in 0.5 ml of 50 mM Na2H/KH2PO4, pH 7.2, containing 0.1 mM EDTA, 1.0 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, 5 mM NaF, and 0.03 mM pyridoxal phosphate. Two 200-,ul aliquots ofa 10,000 x g supernate from each sample were incubated for 60 min at 37VC in the presence of 0.5 mM L-[14C]ornithine. The pyridoxal phosphate-independent release of 14Co2 was determined at each sampling time by incubating an equivalent amount of excess pooled supernatant in the presence of 4-bromo-3-hydroxylbenzyloxyamine dihydrogen phosphate (28) , and the amount of release was subtracted from the sample values. The reaction was terminated by addition of 0.25 ml of 1 M citric acid; the incubation *was continued for another 15 min, and the CO2 evolved was trapped by 20,u1 of NCS on a filter paper suspended above the reaction. The filter paper was placed in 6 ml of toluene/Omnifluor, and radioactivity was determined in a liquid scintillation spectrometer. RESULTS Effects ofRetinol and CHF2-Orn on TGase Activity in CHO Cells. Fig. 1 illustrates that, in CHO cells released from quiescence, there was a biphasic increase in TGase activity as a function of G1 progression, with maxima occurring at 3 and 5 hr. Also, after release there was a marked drop in TGase activity within the first 2 hr. The early drop was not seen in cells that received retinol, CHF2-Orn, or a combination of retinol and CHF2-Orn. The The times shown represent peaks of enzyme activities after release from quiescence. The second peak of TGase activity detected at 5 hr after release from quiescence was delayed to 6 hr by the administration of cycloheximide (5 pLg/ml). Actinomycin D (0.04 /Lg/ml) enhanced the peak activities of TGase in these cells. Both cycloheximide and actinomycin D inhibited the activity of ODCase. * In these experiments, the second peak of TGase activity occurred at 6 hr. ODCase activity was low at 4 hr and was maximal at 5 hr.
that was maximal between 4 and 6 hr, expressed after the first peak of TGase and continuing to increase until the second peak of TGase activity was detected (Fig. 2) (Table 2) . In some experiments, ODCase activity was low at 4 hr and maximal at 5 hr, and TGase peaks occurred at 3 and 6 hr after release from quiescence (23) . In all cases, the magnitudes of the increases were similar. Effect of Retinoic Acid on TGase Activity in Melanoma Cells After MSH. In Cloudman S91 melanoma cells stimulated to differentiate by the addition of MSH to logarithmically growing cultures, there was a greater than 2-fold increase in TGase activity within 1 hr; the activity then rapidly declined, with a second peak occurring 5 hr after the addition of MSH. When retinoic acid was added at the time of MSH addition, there was a greater than 3-fold increase at 1 hr, and the activity remained elevated more than 3-fold at 2 hr. again with the second peak being similar to that for MSH addition alone (Fig. 3) . The addition of retinoic acid alone resulted in a small but significant increase in TGase activity detectable at 2 hr and a second peak of TGase at 5 hr, which was again comparable to that detected after MSH alone or a combination of MSH plus retinoic acid. The addition ofcycloheximide abolished the first peak of TGase activity at 1 hr but only shifted the second peak to 1 hr later, suggesting that the first peak is translational in nature whereas the second peak may be related to an activation phenomenon, which has been shown to occur for the circulating TGase, factor XIII (1). Actinomycin D did not alter the peak excursions but delayed the first peak 1 hr and enhanced the second peak significantly at 5 hr (Table 3 The times shown represent peaks of enzyme activities after MSH application. TGase activity at 1 hr was inhibited by cycloheximide (5 pg/ml). The second peak was shifted to 1 hr later by cycloheximide.
Actinomycin D (0.04 pg/ml), on the other hand, delayed the 1-hr peak by 1 hr and enhanced the second peak of activity. Both cycloheximide and actinomycin D attenuated ODCase activity. (29) .
Retinoid analogs altered the expression of the initial TGase peak in both CHO and melanoma cells. In CHO cells, retinol resulted in an increase from 1 through 3 hr. compared to a drop from 1-2 hr and a peak at 3 hr in quiescent released cells. A broad peak of activity also occurred after administration of CHF2-Orn and CHF2-Orn plus retinol. This is evidence that CHF2-Orn may affect events other than the direct irreversible inhibition of ODCase (30) (31) (32) . This may be related also to the enhancement of ODCase inhibition by the combination of CHF2-Orn and retinoic acid in neuroblastoma cells (12) .
The ability of retinoids to enhance the magnitude of the first peak of TGase in both differentiating tumor cells and CHO cells and to inhibit ODCase activity in both cell lines is compatible with the conjugation of ODCase by putrescine via a TGase-catalyzed reaction with a concomitant decrease in activity (7, 8) . Alternatively, retinoids may alter the ability of cyclic AMP-dependent protein kinase to translocate to the nucleus because we have shown previously that retinol does not alter the activation of cyclic AMP-dependent protein kinase in CHO cells in which ODCase expression is inhibited (14, 15, 18) .
TGase activity in the two cell lines appears to be regulated by activation and translational processes. In CHO cells, actinomycin D and cycloheximide do not markedly alter the biphasic expression of TGase during G1 progression, suggesting activation of the enzyme; actinomycin D actually significantly enhances the activity at certain times (23) . This contrasts to ODCase activity, which is inhibited to some extent by either actinomycin D or cycloheximide in both cell lines. In melanoma cells, the initial peak of TGase activity is reduced by cycloheximide and shifted to 1 hr later by actinomycin D. The second peak of TGase activity is not affected by inhibitors of RNA or protein synthesis.
The ability of retinoids to inhibit proliferation and enhance differentiation (21, 22, (33) (34) (35) may be related to their ability to inhibit ODCase activity and to rapidly increase the activity of TGase (9, 23) . Transformed cells are known to have lower TGase activity than normal cells and be less differentiated (36) , but the ability of retinoids to alter TGase activity in cell cycle and in response to a differentiating hormone has not been reported previously. In line with other reports, the retinoid alone actually increases ODCase activity (18) . Retinoids alone also result in a small increment in TGase activity in melanoma cells, suggesting a complex interaction of retinoids with hormones such as MSH. Isolation and characterization of putrescine-protein conjugates should be informative.
